We report on the ultrasensitive protein nanoprobe system that specifically captures disease marker (autoantibodies of Type I diabetes in this case) with attomolar sensitivity. The system relies on supramolecular protein nanoparticles that bind a specific antibody [65 kDa glutamate decarboxylase (GAD 65 )-specific autoantibody, i.e., the early marker of Type I diabetes]. The ultrasensitive detection of early marker of Type I diabetes during the early phase of pancreatic ␤-cell destruction is important because individuals at high risk of developing Type I diabetes can be identified several years before the clinical onset of the ailment. The bacterial expression of chimera genes encoding N-[human ferritin heavy chain (hFTN-H)]::[specific antigenic epitope]-C produces supramolecular nanoparticles with uniform diameters (10 -15 nm), owing to self-assembly activity of hFTN-H. Each nanoparticle, formed by intermolecular self-assembly between the chimera protein molecules, is subjected to carrying a large number (presumably, 24) of epitopes with a homogeneous and stable conformation per autoantibody binding, thereby allowing substantial enhancement of sensitivity. The sensitivity was finally boosted to 3 attomolar concentration of the autoantibodies, 4 -9 orders of magnitude more sensitive than conventional immunoassays. Also, this ultrasensitive protein nanoprobe successfully detected natural autoantibodies in the sera from Type I diabetic patients. The attomolar sensitivity was successfully reproduced on the detection of other antibodies, i.e., monoclonal antibodies against hepatitis B surface antigen. With the two antibody markers above, the feasibility of simultaneous and multiplexing-mode detection was also demonstrated.-Lee, S-H., Lee, H., Park, J-S., Choi, H., Han, K-Y., Seo, H-S., Ahn, K-Y., Han, S-S., Cho, Y., Lee, K-H., Lee, J. A novel approach to ultrasensitive diagnosis using supramolecular protein nanoparticles. FASEB J. 21, 1324 -1334 (2007) 
diseases. However, current diagnosis methods only allow detection when protein levels become higher than critical threshold concentrations. Since at these concentrations the cancer or disease is often significantly advanced, more sensitive methods that allow for early detection of protein markers could potentially revolutionize physician treatment of various cancers/diseases and increase patient survival rates. In the area of protein diagnostics, the detection limit of current standard method [enzyme-linked immunosorbant assay (ELISA)] is only nano-to picomolar level (1) .
In this study, we propose a novel ultrasensitive system to detect antibody markers [i.e., autoantibodies of Type I diabetes (insulin-dependent diabetes mellitus, IDDM) and antibodies against small hepatitis B surface antigen (S-HBsAg)] using supramolecular protein nanoparticles. Since the IDDM autoantibodies are present even before the clinical onset, sensitive and early detection of the autoantibodies is of crucial importance to prevention and/or treatment of the ailment (2) (3) (4) (5) (6) (7) (8) (9) (10) . Intermolecular self-assembly of hFTN-H molecules forms nanoscale (ϳ12 nm) supramolecules (i.e., self-assembled nanoparticles) with a spherical shell structure (11) and provides the distinct advantages such as small size (10 -15 nm) and correspondingly large surface-to-vol ratio, high size uniformity, biological display of multiple antigenic probes on each nanoparticle, and homogeneous and stable probe conformation. Using the hFTN-H-based protein nanoparticles, sensitivity was finally boosted to a 3-attomolar concentration of the antibodies, which corresponds to 4 -9 orders of magnitude higher sensitivity compared to that of other previous antibody immunoassays (1, 12) .
MATERIALS AND METHODS

Synthesis, purification, and transmission electron microscopy (TEM) imaging of supramolecular protein nanoparticles
The plasmid expression vectors pET28a-HFTN-GADa, pET28a-HFTN-GADb, pET28a-HGAD, and pET28a-HFTN-HBsAg were constructed by inserting the genes encoding NH 2 -(hFTN-H):: (GAD 65 -C138)-COOH, NH 2 -(hFTN-H)::(GAD 65 -C341)-COOH, NH 2 -(GAD 65 -C138)-COOH, and NH 2 -(hFTN-H)::(S-HBsAg-MHR)-COOH, respectively, into the NdeI-XhoI site of plasmid pET28a (Novagen, San Diego, CA, USA). The other expression vectors, pT7-KFTN-GAD, pT7-FTN-GAD, and pT7-KFTN-SHBsAg, were also constructed by inserting the gene encoding NH 2 -(lys) 10 ::(hFTN-H)::(GAD 65 -C138)-COOH, NH 2 -(hFTN-H):: (GAD 65 -C138)-COOH, and NH 2 -(lys) 10 ::(hFTN-H)::(S-HBsAg-MHR)-COOH, respectively, into the NdeI-XhoI site of plasmid pT7-7. After transformation of E. coli strain BL21(DE3) (F -ompT hsdS B (rB -mB -)) with the plasmid expression vectors above, kanamycin-(for pET28a-HFTN1-GADa, pET28a-HFTN2-GADb, pET28a-HGAD, and pET28a-HFTN-HBsAg) or ampicillin-resistant (for pT7-KFTN-GAD, pT7-FTN-GAD, and pT7-KFTN-SHBsAg) transformants were selected. The experimental procedures for chimera gene expression, purification, and TEM imaging of supramolecular protein nanoparticles are well described in our previous report (11) . The particle size distribution of supramolecular protein nanoparticles was estimated through the particle size analysis using the software Gatan Digital Micrograph (Gatan Inc., Warrendale, PA, USA) with the TEM image acquired by Multiscan 600W CCD camera (Gatan Inc.).
Polymerase chain reaction (PCR)-based detection
A PVDF membrane (Immobilion-FL, IPFL 10100, Millipore, MA, USA) was prewetted with methanol for 1 min and washed with a PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4) for 5-10 min. Before the PVDF membrane was completely dried, 10 l of the elution buffer that contained the purified supramolecular nanoparticles (0.5 mg ml -1 ) was dropped onto a designated spot on the membrane. Then the membrane was slowly stirred for 1 h in the blocking solution (1% skim milk) and washed twice with the PBS buffer for 30 min. Autoantibodies GAD6 (mouse anti-GAD 65 monoclonal antibodies, Cat. No. 559931, BD Biosciences, San Jose, CA, USA) that recognize a C-terminal linear epitope localized in the last 41 amino acids of human GAD 65 (13) or mouse anti-S-HBsAg monoclonal antibodies (kindly provided by Dobeel Corp., Republic of Korea) in 10 ml of the PBS buffer or the human plasma solution (P9523 Plasma, Sigma-Aldrich, St. Louis, MO, USA) were applied to the supramolecular nanoparticles that are already immobilized onto the PVDF membrane, by slowly stirring the membrane in the autoantibody [or anti-S-HBsAg monoclonal antibody (mAb)]-containing PBS buffer or human plasma solution for 1 h. In the case of applying Type I diabetic patient serum, 250 l of serum from each patient was used. After the membrane was washed twice with the PBS buffer for 30 min, it was slowly stirred for 1 h in the Tris buffer (10 mM Tris-HCl) that contained another type of nanoparticles tagged with polylysine, (lys) 10 on the particle surface and again washed twice with the PBS buffer for 30 min. A single-stranded 30-bp DNA primer (5Ј-GGATCCTGTGAATC-CAAACGTATTGTTGCA-3Ј) was applied by slowly stirring the PVDF membrane in the PBS buffer that contained the DNA primer (1 M) for 1 h. [The DNA primer used was one of two primers required for the PCR amplification of the MADI-C gene (483 bp) encoding the C-terminus (250 -410 amino acids) of arginine deiminase from Mycoplasma arginini.] After the PVDF membrane was washed with the PBS buffer for 3-5 min, it was dried at room temperature. The designated spot on the dried membrane where the supramolecular nanopartices as capture probes were initially immobilized was cut out and added to the PCR premix (Bioneer, Taejon, Republic of Korea) with the DNA template [T-vector (Promega, WI, USA) containing a single copy of the MADI-C gene] and another primer (5Ј-AAGCTTTTATCACTTAACATCTTTACGTGA Ϫ3Ј, 0.5 M). After the PCR (94°C/5 min; 30 cycles of 94°C/30 s, 52°C/1 min, and 72°C/30 s; 72°C/7 min) to amplify the MADI-C gene, its PCR product was analyzed through 1% agarose gel electrophoresis.
Quantum dot (Qdot)-based detection
The procedures for the initial prewetting and washing of a PVDF membrane, immobilization of the purified supramolecular nanoparticles onto the membrane, skim-milk blocking and washing, and application of autoantibodies (or anti-SHBsAg mAb) in the PBS buffer, the human plasma solution, or patient serum were exactly the same as those mentioned in the previous section. After the PVDF membrane was washed twice with the PBS buffer for 30 min, 
RESULTS
Supramolecular protein nanoparticles for ultrasensitive detection
Small isoforms of glutamate decarboxylase (GAD 65 ) are the predominant target antigens of pancreatic islet cell autoantibodies in patients with Types I diabetes mellitus. Through analyses of autoimmune epitopes in GAD 65 , the middle and C-terminal domains in GAD 65 were defined as dominant epitope in the early phases of ␤-cell autoimmunity (7, 10, 14 -18) . Three of five monoclonal anti-islet-cell antibodies (MICAs) derived from diabetic patients recognized the C-terminal epitope, and two MICAs were destroyed by deleting C-terminal 41 amino acids of GAD 65 (15) . Furthermore, recent preliminary data suggest that an increase in anti-GAD 65 autoantibodies to C-terminal epitopes distinguishes diabetic from healthy children (19) . On the basis of these clinical reports, we focused on C-terminus of GAD 65 , i.e., C-terminal 138 amino acids (Arg448 to Leu585) (a linear epitope named GAD 65 -C138) and C-terminal 341 amino acids (Ile245 to Leu585) (a conformational epitope named GAD 65 -C341) in the preparation of nanoparticle capture probes to detect the autoantibodies. The linear and conformational epitopes above were defined based on the analysis results of immunoreactivity of MICAs with GAD 65 mutants, which were previously reported by Richter et al. (15) and Söhnlein et al (17) .
The chimera gene was constructed by replacing the epitope ORF (encoding GAD 65 -C138 or GAD 65 -C341) of the first chimera gene with another ORF encoding major hydrophilic region (MHR) of adr subtype of S-HBsAg (residues 99 -169) and expressed using the same E. coli expression system. The chimera gene products NH 2 -(his) 6 ::(hFTN-H)::(GAD 65 -C138)-COOH (named H-FTN-GAD 65 S) and NH 2 -(his) 6 ::(hFTN-H):: (S-HBsAg-MHR)-COOH (named H-FTN-SHBsAg) in cytoplasm of E. coli BL21(DE3) were purified through Ni ϩ2 -affinity chromatography from supernatant after cell disruption, and the TEM images of the purified H-FTN-GAD 65 S and H-FTN-SHBsAg showed spherical nanoparticles with diameters of 10 -15 nm (Fig. 1A, B) . Other chimera gene products NH 2 -(his) 6 ::(hFTN-H):: Human ferritin is a class of iron storage proteins comprising 24 subunits of heavy and light chains that self-assemble to form a hollow shell structure 12 nm in diameter. It was previously reported (20, 21) that 24 subunits of hFTN-H alone can form stable ferritin particles with an iron storage function like native one. hFTN-H monomer consists of a bundle of four antiparallel ␣-helices (A-D). Helices B and C are connected by a long loop traversing the whole bundle and making contacts with the A helix. The carboxy-terminal amino acids are arranged in a fifth shorter ␣-helix (helix E) that forms an acute angle with the main axis of the molecule (20 -22) . The 24 subunits of hFTN-H assemble into a stable protein shell with 4 -3-2 symmetry, leaving iron channels along the 3-and 4-fold axes (20 -22) . It was proven that the carboxy-terminus, including the E helix, is neither essential for proper folding of the monomer subunit nor for assembly of the 24 mer (20) . Furthermore, the heavy chain of human ferritin can exist in two alternative conformations that differ in the position of the E helix in the 4-fold axis: "flip" conformation with the E helix pointing inside the ferritin shell and "flop" conformation with the E helix being extruded outside, while normally the native ferritin shell is constructed with the flip conformation. Luzzago and Cesareni (20) and Levi et al. (21) observed that the fusion of ␣-peptide of ␤-galactosidase to Cterminus of hFTN-H also resulted in the formation of functional ferritin particles with the flop conformation, which was probably because the ␣-peptide was too large to be packed into the cage. They suggested that on the assembly of ferritin-peptide fusion molecules, the decision of whether to flip or to flop conformation is taken depending on whether the empty volume inside the shell is sufficient to contain the 24 peptides. The fusion of GAD 65 -C138 and S-HBsAg-MHR peptide to the Cterminus of hFTN-H successfully formed the ferritinlike nanoparticles (Fig. 1A) , and the mobility of both the nanoparticles was exactly the same as that of hFTN-H particles when electrophoresed on a native PAGE gel (Fig. 1C) , indicating that the H-FTN-GAD 65 S and H-FTN-SHBsAg nanoparticles must have the same conformation as hFTN-H particles that are formed by the 24-subunit assembly. Like the case of the ␣-peptide fusion to the ferritin C-terminus (20) , it seems that the number of antigenic epitopes (GAD 65 -C138 and SHBsAg-MHR) per nanoparticle must be 24. Also, since the use of H-FTN-GAD 65 S and H-FTN-SHBsAg nanoparticles were very successful on the ultrasensitive diagnosis of disease marker as discussed later in this article, it is strongly suggested that the H-FTN-GAD 65 S and H-FTN-SHBsAg nanoparticles should have the flop conformation with the antigenic epitopes pointing outside.
Ultrasensitive detection of Type I diabetes marker
Two methods of detecting the autoantibodies were developed (Fig. 1D) . The first method uses quantum dot (CdSe-Qdot)-secondary antibody (2°Ab) conjugates that can specifically bind to the target auto- 
Qdot-based detection
The following autoantibody solutions were prepared: 100 pg, 100 fg, 1 fg, and 500 ag of mouse anti-GAD 65 monoclonal antibodies (GAD6 recognizing C-terminal linear epitope) per ml of PBS. Clear photoluminescence was detected even at the autoantibody concentration of 500 ag ml -1 (ϳ3 attomolar concentration) ( Fig. 2A, B) . The 3 attomolar sensitivity was successfully reproduced even when the autoantibodies were present in human plasma solution ( Fig. 2A, B) . Photoluminescence significantly decreased when the autoantibody concentration was reduced to 100 ag ml -1 (data not shown), indicating a sensitivity limit between 100 and 500 ag ml -1 . Photoluminescence was not observed, however, when only (Qdot-CdSe)-2°Ab conjugates were applied to the immobilized H-FTN-GAD 65 S nanoparticles without the autoantibodies (Fig. 2C) , implying that non-specific binding between the H-FTN-GAD 65 S nanoparticles and (Qdot-CdSe)-2°Ab was negligible.
PCR-based detection
The autoantibodies at the 3 attomolar concentration were also obviously detected (lane 1 in Fig. 3A) . As shown in lane 2 (negative control 1) of Fig. 3A , no PCR product was formed when the autoantibodies were sandwiched between the H-FTN-GAD 65 S and polylysine-free FTN-GAD 65 S nanoparticles, which indicates the absence of a single-stranded DNA primer on the PCR amplification, thereby implying that the binding of the DNA primer to the K-FTN-GAD 65 S is very specific. In another controlled experiment [ Fig. 3B (negative control 2)], an autoantibody-free human plasma solution was applied to the H-FTN-GAD 65 S nanoparticles immobilized on PVDF, and the K-FTN-GAD 65 S were subsequently added to it, followed by the addition of single-stranded DNA primer. The failure in the PCR amplification (lane 1 of Fig. 3B ) illustrates that various human proteins, including antibodies in human plasma, nonspecifically bind neither to H-FTN-GAD 65 S nor K-FTN-GAD 65 S nanoparticles. Therefore, the PCR product formation shown in lane 1 of Fig. 3A conclusively explains that both K-FTN-GAD 65 S and H-FTN-GAD 65 S nanoparticles very specifically bind to autoantibodies even in the human plasma solution, resulting in the 3-attomolar sensitivity.
Reproducibility of attomolar sensitivity
To prove that the attomolar sensitivity is reproducible on the detection of other antibody analytes, another nanoparticle probe (H-FTN-SHBsAg) to detect anti-SHBsAg monoclonal antibodies was also designed and produced using the same recombinant E. coli (Fig. 1) . From Fig. 4 , the anti-S-HBsAg mAb were evidently detected with the same attomolar sensitivity by using both Qdot-and PCR-based methods. Accordingly, it seems that this probe system based on supramolecular protein nanoparticles could be applied to the detection of almost any target antibody with a known protein antigen. Also, the simple replacement of epitope-encoding ORF within a chimera gene could make it possible to easily prepare different kinds of supramolecular nanoparticle probes using the same bacterial expression system, showing another possible advantage of the supramolecular protein nanoprobe system.
Simultaneous and multiplexing-mode detection of two different antibody analytes
Using the Qdot-based detection method, we investigated if simultaneous detection of two different antibody markers (i.e., anti-GAD 65 and anti-S-HBsAg mono- clonal antibodies at 500 ag ml -1 in phosphate buffer) is possible. When the analyte solution containing only one antibody marker (either anti-GAD 65 or anti-SHBsAg mAb) was applied to both the H-FTN-GAD 65 S and H-FTN-SHBsAg nanoparticles immobilized on PVDF membrane, only a single spot on the membrane emits the photoluminescence (Fig. 5) , which implies that the antibodies bind the nanoparticles with high specificity. When the same PVDF membrane (where both the H-FTN-GAD 65 S and H-FTN-SHBsAg nanoparticles were immobilized at different spots) was used to capture both anti-GAD 65 and anti-S-HBsAg monoclonal antibodies contained in an analyte solution (Fig. 5) , the photoluminescence emission was clearly shown at two different spots, thereby indicating that the simultaneous detection of the two different antibody analytes were successful and that multiplexing mode detection of multiple antibody analytes/markers could be feasible.
Detection sensitivity of nonsupramolecular protein probe
Another plasmid vector was constructed for the expression of the gene encoding NH 2 -(His) 6 ::(GAD 65 -C138)- COOH (named H-GAD 65 S), by deleting the hFTN-H gene from the chimera gene encoding H-FTN-GAD 65 S. The gene expression formed inclusion bodies of H-GAD 65 S in the bacterial cytoplasm, which were then recovered, solubilized, refolded, and purified through Ni ϩ2 -affinity chromatography. On the immobilization on a spot area on the PVDF membrane, the moles of H-GAD 65 S were maintained the same as those of immobilized H-FTN-GAD 65 S. That is, the number of autoantibody-binding epitopes in the immobilized protein probes was the same in both cases. On the Qdot-based detection (Fig. 6A) , the autoantibodies at 100 ng ml -1 were obviously detected, whereas the autoantibodies below the 50 ng ml Ϫ1 were not detected at all. Although the detection limit was slightly extended to 50 ng ml -1 when PCR-based detection was applied (Fig. 6B) , the autoantibodies below 1 ng ml -1 were not detected at all. Consequently, the autoantibody detection using the nonsupramolecular H-GAD 65 S probe was more than 6 orders of magnitude less sensitive than the supramolecular protein.
Detection of natural autoantibodies in Type I diabetic patients' sera
Although the middle and C-terminal domains in GAD 65 were defined as dominant epitope, serum autoantibodies of Type I diabetics consist of various MICAs, each of which recognizes a specific linear or conformational eptiope in GAD 65 . Richter et al. (15) examined five MICAs 1, 2, 3, 4, and 6 derived from a newly diagnosed diabetic patient to probe the autoimmune epitopes in GAD 65 . They showed that only MICA2 recognized a linear epitope close to the C terminus, while the other MICAs recognized conformational epitopes in the GAD 65 molecule. Söhnlein et al. (17) also reported that linear epitopes were detected in only 7% sera of patients with Type I diabetes. According to the report of Richter et al. (15) , the deletion mutant GAD 65 (⌬1-244) was detected by all the five MICAs, and hence the region from Ile245 to Leu585 of GAD 65 was defined as a conformational epitope. In addition to the H-FTN-GAD 65 S nanoparticles containing the linear epitopes GAD 65 -C138, we prepared another type of nanoparticles H-FTN-GAD 65 L containing conformational epitopes GAD 65 -C341, i.e., the C-terminal 341 amino acids (Ile245 to Leu585). In this section, both types of nanoparticles were applied to the detection of serum autoantibodies of Type I diabetic patients.
With the help of pediatric department of Korea University Hospital, around 1 ml of serum was kindly donated by each of six patients (#1: female/age 19; #2: female/age 15; #3: male/age 11; #4: female/age 14; #5: male/age 12; #6: female/age 11) suffering from Type I diabetes. First, 250 l serum from each patient was applied to the immobilized H-FTN-GAD 65 S nanoparticles for the PCR-based detection of autoantibodies. Only the serum of patient #2 was shown to have MICAs recognizing the C-terminal linear epitope (Fig. 7A) , while the sera of the other five patients and healthy person (male/age 45) never showed any autoimmune reactivity. This result is not surprising because reportedly the linear epitopes were detected in only 7% sera of patients with Type I diabetes. Using the same H-FTN-GAD 65 S nanoparticles, the autoimmune reactivity of another 250 l serum of each patient was analyzed using the Qdot-based detection method, and it is worthy of note that the linear epitope (GAD 65 -C138) was also detected by the same serum of patient #2 (Fig.  7B) , thereby indicating high selectivity/specificity of this protein nanoparticle-based diagnosis. The supramolecular nanoparticles H-FTN-GAD 65 L containing the conformational epitopes (GAD 65 -C341) were also used to analyze autoimmune reactivity of the above six patients' sera. As presented in Fig. 7C , the conforma- tional epitope GAD 65 -C341 was detected by all the patient sera, which corresponds to the previous reports of Söhnlein et al. (17) and Richter et al. (15) regarding the epitope recognition of Type I diabetic sera.
DISCUSSION
We emphasize here that this is the first time that supramolecular protein nanoparticles were applied to the ultrasensitive detection of antibody analytes. This detection system using supramolecular protein nanoparticles as capture probes offers several advantages over the current probe system. First, each spherical nanoparticle with a nanoscale diameter carries multiple DNA-and/or antibody-capture probes, thereby producing a high ratio of probes to binding analytes (oligonucleotide DNA or antibody markers in this case), which can substantially increase assay sensitivity. Second, the conformational orientation of target-binding probes (i.e., antigenic epitopes) is homogeneous. On the intracellular supramolecule synthesis by the self-assembly function of hFTN-H, the antigenic epitopes (GAD 65 -C138, GAD 65 -C341, or MHR of adr subtype of S-HBsAg) are subjected to localization on the nanoparticles with a homogeneous conformation. It is almost impossible to maintain a constant conformational orientation when protein probes are chemically immobilized on a solid surface, and thus the quite heterogeneous orientation of immobilized probes is known to critically reduce detection sensitivity. Third, the bacterial expression system provides protein nanoparticles with marked size uniformity. Owing to the self-assembly property of hFTN-H, the supramolecular size is kept in the range of 10 -15 nm in a bacterial cytoplasm. This uniform size distribution allows all the nanoparticles, immobilized within microscale pores of PVDF membrane, to equally participate in the analyte capture and accordingly contributes to the significant enhancement of sensitivity. In addition, the assembled nanoparticles may enhance the probe stability. Using the same E. coli expression system, we synthesized the supramolecular nanoparticles of the green fluorescence protein (GFP) that showed a significantly enhanced functional stability even under extreme environments causing the denaturation of free GFP molecules (data not shown).
In this study, we showed the attomolar sensitivity for the two different target antibodies: 1) autoantibodies of Type I diabetes and 2) anti-S-HBsAg monoclonal antibodies. With these antibody analytes, we confirmed that the attomolar ultrasensitivity was evidently reproducible and also demonstrated the feasibility of multiplexing mode detection. Finally, natural autoantibodies in the sera from Type I diabetic patients were successfully detected by the nanoprobe system based on supramolecular protein nanoparticles. This approach seems to be general for almost any target marker with a known protein antigen, although the ultrasensitive detection of autoantibodies of Type I diabetes and anti-S-HBsAg monoclonal antibodies are demonstrated as proof of the concept in this case. This supramolecular protein nanoprobe system would be also useful in the early diagnosis of infectious diseases (e.g., AIDS, Hepatitis C, etc.) during the early phase of the infection when the antibody titer is too low to be detected.
